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(57) ABSTRACT 

A method and apparatus for reducing noise in brain signal 
measurements. The method provides an array of sensors pro 
viding for spatial oversampling, and multiple samplings over 
time to produce measurement data. The measurement data 
have a variance common to the sensors, and a remaining 
variance that can be safely assumed to be sensor or channel 
specific noise and that is accounted for by a suitable modifi 
cation of the measurement data. The apparatus provides clus 
ters of the sensors positioned in correspondence to the verti 
ces of Substantially equilateral triangles that are defined by 
tensile elements connecting the clusters. 
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METHOD AND APPARATUS FOR REDUCING 
NOSE IN BRAIN SIGNAL MEASUREMENTS 

FIELD OF THE INVENTION 

0001. The present invention relates to methods and appa 
ratus for reducing noise in brain signal measurements. 

BACKGROUND 

0002 EEG and MEG are common techniques for measur 
ing, at the Surface of the head, electric and magnetic field 
potentials generated by operation of the brain. An array of 
sensors, typically electrodes in the case of EEG, and SQUID 
sensors in the case of MEG, is provided, the sensors being 
distributed over the head surface. 
0003. There is an understanding in the art regarding the 
number of sensors needed to accurately record the electrical 
or magnetic field potentials produced by brainactivity, and 64 
sensors is recognized as being insufficient. The understand 
ing derives from the Nyquist theorem, which is often used to 
define the minimum temporal sampling rate for sampling a 
continuous signal based on the highest frequency (Fourier) 
component of the signal. According to the Nyquist theorem, 
to fully code and therefore fully define a continuous signal 
having a highest frequency component of frequency X, the 
signal must be sampled at a sampling rate of 2X. In practice, 
the signal is sampled at a higher rate, typically about 2.5 X, to 
account for the non-stepwise response of real filters, i.e., real 
filters “roll off over a frequency range. 
0004. The Nyquist theorem has been extended in the 
present art to define spatial frequencies, i.e. the number of 
cycles of a signal, or a Fourier component thereof, per unit 
distance (e.g., X is expressed in cycles/cm). Thus, there is a 
theoretical minimum Nyquist sampling rate (theoretical 
maximum spacing between sensors) of /2X, where X is 
the spatial period. 
0005. As in the time domain, there is a corresponding 
practical minimum spacing of about 1/(2.5)'X', correspond 
ing to a higher sensor density. The difference is 0.10X' or 
25%, and is referred to as “spatial oversampling.” Spatial 
oversampling, like time oversampling, is provided for the 
purpose of complying with the Nyquist theorem in practice, 
to ensure that the signal is in fact fully and faithfully charac 
terized by the data. 
0006 Spatial oversampling has been used in academic 
research, such as exemplified by Walter J. Freeman et al. 
("Spatial spectra of scalp EEG and EMG from awake 
humans.” Elsevier Clinical Neurophysiology 114 (2003) 
1053-1068). But spatial oversampling is typically not utilized 
in commercial practice, as it leads to higher cost and complete 
accuracy has not been considered essential. 

SUMMARY 

0007 Disclosed is a method specifically for reducing 
noise in brain signal measurements, but which may be uti 
lized for reducing noise in an electrical or magnetic signal 
produced by any organ in the body. The signal will have a 
highest spatial frequency component of X cycles per unit 
measure of distance. The method includes steps of (a) pro 
viding, on or outside the exterior Surface of the body, an array 
of sensors, each of the sensors for independently measuring 
the signal, wherein the sensors are spaced apart from one 
another by at least a minimum spacing of /2X'; (b) sam 
pling the signal, by each sensor, at a plurality of different 
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times, so as to produce, for each sensor, a set of time-depen 
dent measurements of the signal; (c) identifying a first vari 
ance in the measurements corresponding to a selected sensor 
that is common to the measurements corresponding to all of 
the other sensors; (d) identifying a remaining variance in the 
measurements corresponding to the selected sensor, and (e) 
removing from the measurements corresponding to the 
selected sensor a second variance that is determined, at least 
in part, by the remaining variance, so as to reduce or eliminate 
noise that is unique to the measurements of the selected 
SSO. 

0008 Also disclosed is an apparatus for reducing or elimi 
nating noise in an electrical or magnetic signal produced by 
an organ in the body. The apparatus includes an array of first 
sensors, each first sensor for independently measuring the 
signal, wherein, within a first predetermined set of three of the 
first sensors, the first sensors thereof are connected to each 
other by three separate tensile connecting elements defining a 
substantially equilateral “geodesic’ triangle, with the first 
sensors of the first predetermined set corresponding to Verti 
ces of the geodesic triangle. The apparatus further includes an 
array of second sensors, each second sensor for indepen 
dently measuring the signal, wherein a predetermined second 
set of the second sensors is associated with a respective one of 
the sensors of the first set, defining a cluster of first and second 
sensors, the sensors of the cluster being connected to each 
other by a common structure, wherein the second sensors of 
the cluster are all closer to the first sensor of the cluster than 
to either of the remaining sensors of the first set. 
0009. It is to be understood that this summary is provided 
as a means of generally determining what follows in the 
drawings and detailed description and is not intended to limit 
the scope of the invention. Objects, features and advantages 
of the invention will be readily understood upon consider 
ation of the following detailed description taken in conjunc 
tion with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

(0010 FIG. 1 is a reproduction of FIG. 1 of U.S. Pat. No. 
5,291,888. 
0011 FIG. 2 is a flow chart of a method for reducing noise 
in brain signal measurements according to the present inven 
tion. 
0012 FIG. 3 is an isometric view of an icosahedron, sub 
divided into geodesic triangles according to the teachings of 
the 888 Patent. 
0013 FIG. 4 is a plan view of a portion of a net 24 accord 
ing to the present invention for distributing sensors used for 
sensing and/or stimulating brain activity. 
0014 FIG. 5 is a block diagram of a system for reducing 
noise in brain signal measurements according to the inven 
tion, utilizing the method of FIG. 2 and the sensor net of FIG. 
4. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0015 FIG. 1 shows the inventor’s “geodesic sensor net' 
(10) which was the subject of U.S. Pat. No. 5,291,888, which 
is incorporated by reference herein in its entirety. As 
explained in the 888 Patent, the net provides for positioning 
an array of EEG electrodes or other sensors on the surface of 
the head 14, for measuring electrical or magnetic energy that 
is perceived as a “signal.” and which is reduced to digital data 
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referred to as field data. In general, the sensors may or may 
not be positioned so as to make contact with the head surface. 
0016 Each sensor responds to the signal at its particular 
location. The signal is produced primarily by the operation of 
the brain, and it is therefore of interest to characterize that 
activity, particularly to locate the actual sources of the activ 
ity. This requires solving what is well known in the art as “the 
inverse problem, which hypothesizes sources of electrical or 
magnetic activity in the brain and adjusts either or both their 
locations and their characteristics to fit the field data recorded 
at the sensors. 
0017. It was noted above that spatial oversampling is typi 
cally not utilized in commercial practice, as it leads to higher 
costand complete accuracy has not been considered essential. 
A reason for this may be that solving the inverse problem is 
inherently inexact. 
0018. The signal evolves over time, and the sensors sense 
the time-varying activity of multiple sources as a single spa 
tially varying signal. 
0019. The invention is based on a recognition that spatial 
oversampling can be used to reduce or eliminate noise in the 
signal. Typical signal noise includes ambient noise, Such as 
from fluorescent lighting, local electromyographic (“EMG') 
noise due to the activity of muscles proximate the sensors, and 
channel noise, which is electrical noise in the circuit between 
the signal being measured and the ultimate output. Each 
sensor has its own associated channel, comprising the sensor, 
an amplifier, an analog-to-digital converter, and cabling for 
connecting the sensor to a computer for analysis; and all of 
these components are noise Sources that produce noise unique 
to each channel. It has been determined that EMG noise is 
highly local and therefore also substantially unique to each 
channel. 
0020. To reduce or eliminate channel specific signal noise, 
the present invention requires at least some degree of spatial 
oversampling. Preferably, to ensure that the signal is fully and 
faithfully captured by the sensors as a practical matter, the 
amount of spatial oversampling is at least 25%; it is more 
preferably at least 50%; it is more preferably still at least 75%; 
and it is most preferably at least 100%. However, hereinafter, 
“spatial oversampling is defined as being sampling at any 
rate higher than the theoretical minimum. 
0021. The signal is oversampled in space; however, the 
signal is also sampled in time. To illustrate, assume there are 
N sensing sensors, each typically producing a voltage output, 
but the output could be any output, or “measurement.” At “m 
different times t-1, t2, ... t—m, the outputs of each of the N 
sensing sensors is sampled. Thus, each particular sensing 
sensor N, provides a set of measurements N (t=1), N (t=2) 
. . . . N (tm). These data define samples (in time) of the 
variable N., and the samples will exhibit a variance. 
0022. It is an important recognition of the present inventor 

that, if the signal is spatially oversampled, variance in a par 
ticular time dependent variable N, due to brain signal will be 
shared by all the variables N, whereas variance that is unique 
to the variable N can properly be identified as channel spe 
cific noise and Subtracted out of the measurement. 
0023 Then, referring to FIG. 2, with respect to a particular 
variable N residing within a set of variables N, the following 
steps may be performed according to a preferred method 12 
according to the invention: (13) obtain measurements corre 
sponding to N variables; (15) determine a “communality.” 
i.e., a variance that is common to all the variables N. (17) 
utilize the result of step (15) to determine a remaining vari 
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ance for a selected variable N., where this variance is 
assumed to be unique to the variable Ne; and (19) subtract the 
result in step (17) from the measurements of the variable N. 
to assure at least a reduction in the amount of sensor/channel 
unique noise. 
0024 Communality can be determined and understood by 
reference to “principal factors analysis,” which is used in 
statistics to classify the variables in a set of variables. Essen 
tially, the method is as follows: Each variable is correlated 
with each other variable, typically by a regression analysis. 
The correlations are “best fit” lines (or other functions) that 
relate two variables. For example, the line y-mx--b relates 
two variables X and y. The regression line (or other function) 
defines a derived variable that can substitute for the original 
pair of variables. For example, the derived variable Z-mx 
y+b can Substitute for an original pair of variables (x, y) that 
are related as y=mx+b. This derived variable is referred to as 
a “factor. 
0025. The regression analysis is specifically to find the 
line (or other function) that (a) maximizes the variation of the 
derived variable while (b) minimizing the variance around the 
derived variable. The variation (a) is “predicted by the 
regression line (or other function), and therefore represents a 
variance that has been “extracted by the factor, whereas the 
variation (b) is not predicted by the regression line (or other 
function). 
0026. In general, there are N variables and each factor 
reduces the dimensionality of the variable space by one; thus 
factoring can be carried out N-1 successive times, to define 
the variance that can be accounted for by factoring, which is 
the “communality. For each variable, any remaining vari 
ance can be safely assumed to be variable specific under the 
assumption of spatial oversampling. 
0027. There may be methodologies other than principal 
factors analysis for estimating or determining an amount of 
variation in a variable that is common to other variables in a 
set of variables, and/or an amount of variation that is not 
common to other variables in the set, and it should be under 
stood that the particular methodology used is not critical to 
the invention. 
0028 Preferably, spatial oversampling according to the 
invention makes use of principles articulated in the aforemen 
tioned 888 Patent, which will be briefly reviewed herein. 
0029. The 888 Patent describes a “sensor net 10, as 
shown in FIG. 1. The net 10 is generally affixed to the sub 
ject's head by use of a headband 11. 
0030 A partitioning principle employed for the net is 
shown in FIG. 3, by which the head is modeled as an icosa 
hedron. A reference marker “R” is indicated in FIG. 10 which 
corresponds to the portion of the net 10 indicated with same 
marker in FIG.1. 
0031 Referring to FIG. 3, each of the 20 sides “S” of the 
icosahedron is an equilateral triangle, referred to as a “basic’ 
triangle in the 888 Patent, and each of these is partitioned into 
sixteen Smaller equilateral triangles, referred to as "geodesic’ 
triangles in the 888 Patent. This partitioning defines three 
internal vertices 14; nine edge vertices 16 that are each shared 
between two adjacent sides; and three corner vertices 18 that 
are each shared between five sides. Accordingly, there are 
3+9/2+3/5 vertices associated with a given side. 
0032. The corresponding geodesic structure of the net 10 
in FIG. 1 is defined by elastic tensile members connected 
between "pedestals” (not shown) at the vertices. The pedes 
tals mount sensors “D’at, preferably, each of the vertices. 
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0033 Similar partitioning of each geodesic triangle into 
sixteen yet Smaller equilateral triangles is currently not prac 
tical, but would be a preferred distribution scheme for pro 
viding additional sensors for oversampling. 
0034. As a practical alternative, in a net 24 according to the 
present invention, each sensor D as shown in FIG. 1 is 
replaced with a cluster or 'pod' 22 having the hexagonal 
configuration shown in FIG. 4. Particularly, FIG. 4 shows a 
single geodesic triangle 20 of the net 24, having three vertices 
at each of which, instead of a single sensor D, there is a pod 22 
defining an assembly of seven sensors D. In the pod shown 
in FIG. 11, there is a central sensor D, which is disposed at 
a center-point “CP of the pod. The center-point CP is pref 
erably disposed at one of the vertices of the geodesic triangle 
20, so that the sensor D occupies the position of the original 
sensor. The sensor D may be omitted, however. In any case, 
there are six satellite sensors De hexagonally distributed 
around the center-point CP. Preferably, in each pod 22 there 
are one or more relatively rigid elements, compared to the 
elastic tensile members, connecting the sensors De and 
the central sensor D. The one or more relatively rigid ele 
ments together define a “common structure.” The rigidity of 
the common structure provides the advantage of maintaining 
a Substantially fixed spacing between the sensors of a cluster. 
0035. It will be noted that the spacing between each cen 

tral element D is greater than the spacing between the 
central element and its associated satellite elements D. It 
should also be noted that oversampling does not in general 
require consistent spacing between samples. 
0036. A hexagonal distribution of six satellite sensors 
De for a given central sensor Such as shown in FIG. 4 is 
preferred, this being recognized by the present inventor to 
reinforce, by reflection, the original geodesic structure. The 
arrangement may be recognized as a fractal. However, the 
satellite sensors may be distributed other than uniformly or 
symmetrically, they may be at different distances from the 
central sensor, and there may be more or fewer than six in 
number, without departing from the principles of the inven 
tion. 
0037 For example, there may be: five satellite sensors, 
preferably but not necessarily distributed so as to define the 
Vertices of a pentagon; four satellite sensors, preferably but 
not necessarily distributed so as to define the vertices of a 
square or rectangle; or seven or more satellite sensors, like 
wise preferably, though not necessarily, distributed uniformly 
or symmetrically about, and therefore at the same distance 
from, the central sensor. A 'semi-fractal arrangement, which 
would be somewhat preferred if a sufficient number of sen 
sors could be obtained to provide the necessary oversam 
pling, would employ three satellite sensors distributed so as to 
define the vertices of an equilateral triangle. 
0038. The net 24 provides a sensor density increased by 
seven-fold over the net 10. Typically, the net 10 included 256 
sensors, and therefore the net 24 preferably has 1792 sensors, 
providing an additional 1536 sensors and a corresponding 
six-fold increase in sensor density (1536/256–6). 
0039 FIG. 5 shows a preferred system 30 for reducing 
noise in brain signal measurements according to the prin 
ciples described above. The system 30 includes the sensor net 
24, which is fitted around the subject's head 31 in the same 
manner as the net 10 is shown in FIG. 1. 
0040. The sensors D of the net 24 are typically electrodes 
that make intimate contact with the skin. It is generally impor 
tant to know the location of the sensors on the head, and there 
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are known means for accomplishing this. A preferred meth 
odology utilizing a photogrammetric system (referenced as 
32 in FIG. 5) is described in U.S. Pat. No. 7, 190,826. 
0041. The sensors D are connected through respective 
channels 33 as described above to a computer 34 that 
receives, digitizes, and processes data provided by the sensors 
to produce measurement data as described above. According 
to the invention, the measurement data are further processed 
So as to determine a communality as described above in 
connection with step 15, a remaining variance as described 
above in connection with step 17, and a subtraction as 
described above in connection with step 19. The computer 34 
therefore produces measurement data that have been cor 
rected for error due to sensor/channel specific noise. 
0042. The computer 34 is also provided the sensor loca 
tion information from the system 32. Utilizing the measure 
ment data and the location information, the computer is 
adapted to solve the inverse problem as known in the art. 
0043. It will be readily appreciated that the computational 
duties described above may be shared between any number of 
computers, which may be linked together or not. 
0044. It is to be understood that, while a specific method 
and apparatus for reducing noise in brain signal measure 
ments has been shown and described as preferred, other con 
figurations and methods could be utilized, in addition to those 
already mentioned, without departing from the principles of 
the invention. It should also be understood that, while the 
disclosed methods and apparatus are particularly adapted for 
use in measuring brain signals, the same principles can be 
applied for measuring bioelectrical or biomagnetic signals 
associated with other organs in the body, such as the heart. 
0045. The terms and expressions which have been 
employed in the foregoing specification are used therein as 
terms of description and not of limitation, and there is no 
intention in the use of Such terms and expressions to exclude 
equivalents of the features shown and described or portions 
thereof, it being recognized that the scope of the invention is 
defined and limited only by the claims which follow. 

1. A method for reducing or eliminating noise in an elec 
trical or magnetic signal produced by an organ in the body, the 
signal having a highest spatial frequency component of X 
cycles per unit measure of distance, the method comprising: 

providing, on or outside the exterior Surface of the body, an 
array of sensors, each of said sensors for independently 
measuring the signal, wherein the sensors are spaced 
apart from one another by at least a minimum spacing of 
AeX'; 

sampling the signal, by each sensor, at a plurality of differ 
ent times, so as to produce, for each sensor, a set of 
time-dependent measurements of the signal; 

identifying a first variance in the measurements corre 
sponding to a selected sensor that is common to the 
measurements corresponding to all of the other sensors; 

identifying a remaining variance in the measurements cor 
responding to the selected sensor, and 

removing from the measurements corresponding to the 
Selected sensor a second variance that is determined, at 
least in part, by said remaining variance, so as to reduce 
or eliminate noise that is unique to the measurements of 
the selected sensor. 

2. The method of claim 1, wherein said step of providing 
includes providing at least 256 sensors in said array. 
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3. The method of claim 2, the method further comprising 
disposing said sensors on the head of the body, to measure a 
brain signal. 

4. The method of claim 3, the method further comprising 
Solving the inverse problem after performing said step of 
Subtracting. 

5. The method of claim 4, further comprising specifying 
said second variance to be substantially equal to said remain 
ing variance. 

6. The method of claim 1, further comprising specifying 
said second variance to be substantially equal to said remain 
ing variance. 

7. An apparatus for reducing or eliminating noise in an 
electrical or magnetic signal produced by an organ in the 
body, comprising: 

an array of first sensors, each first sensor for independently 
measuring the signal, wherein, within a first predeter 
mined set of three of said first sensors, the first sensors 
thereof are connected to each other by three separate 
tensile connecting elements defining a substantially 
equilateral “geodesic’ triangle, with the first sensors of 
said first predetermined set corresponding to vertices of 
said geodesic triangle; and 

an array of second sensors, each second sensor for inde 
pendently measuring said signal, wherein a predeter 
mined second set of said second sensors is associated 
with a respective one of the sensors of said first set, 
defining a cluster of first and second sensors, the sensors 
of said cluster being connected to each other by a com 
monstructure, wherein the second sensors of said cluster 
are all closer to the first sensor of said cluster than to 
either of the remaining sensors of said first set. 

8. The apparatus of claim 7, wherein said cluster has 
exactly six of said second sensors. 

9. The apparatus of claim 8, wherein the second sensors of 
said cluster are distributed about the first sensor of said cluster 
So as to define the vertices of a hexagon. 
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10. The apparatus of claim 7, wherein said cluster has 
exactly five of said second sensors. 

11. The apparatus of claim 10, wherein the second sensors 
of said cluster are distributed about the first sensor of said 
cluster so as to define the vertices of a pentagon. 

12. The apparatus of claim 7, wherein each of said tensile 
elements has a flexibility sufficient to allow for an elastically 
recoverable elongation of at least 20%. 

13. The apparatus of claim 12, wherein said commonstruc 
ture has a rigidity Sufficient to support the sensors of said 
cluster in fixed positions relative to each other during use of 
the apparatus. 

14. The apparatus of claim 7, wherein said common struc 
ture has a rigidity Sufficient to support the sensors of said 
cluster in fixed positions relative to each other during use of 
the apparatus. 

15. The apparatus of claim 7, comprising sixteen geodesic 
triangles, defined by a corresponding fifteen of said first sen 
SOS. 

16. The apparatus of claim 15, wherein each of said fifteen 
first sensors is part of an associated cluster of said second 
SSOS. 

17. The apparatus of claim 16, wherein each of said asso 
ciated clusters includes at least five of said second sensors. 

18. The apparatus of claim 7, comprising at least 256 of 
said first sensors, wherein each of said 256 first sensors is part 
of a cluster of sensors that includes 3 of said second sensors. 

19. The apparatus of claim 7, comprising at least 256 of 
said first sensors, wherein each of said 256 first sensors is part 
of a cluster of sensors that includes 4 of said second sensors. 

20. The apparatus of claim 7, comprising at least 256 of 
said first sensors, wherein each of said 256 first sensors is part 
of a cluster of sensors that includes 5 of said second sensors. 

21. The apparatus of claim 7, comprising at least 256 of 
said first sensors, wherein each of said 256 first sensors is part 
of a cluster of sensors that includes 6 of said second sensors. 

c c c c c 


